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Mechanical Stability of Single DNA Molecules
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ABSTRACT Using a modified atomic force microscope (AFM), individual double-stranded (ds) DNA molecules attached to
an AFM tip and a gold surface were overstretched, and the mechanical stability of the DNA double helix was investigated. In
A-phage DNA the previously reported B-S transition at 65 piconewtons (pN) is followed by a second conformational transition,
during which the DNA double helix melts into two single strands. Unlike the B-S transition, the melting transition exhibits a
pronounced force-loading-rate dependence and a marked hysteresis, characteristic of a nonequilibrium conformational
transition. The kinetics of force-induced melting of the double helix, its reannealing kinetics, as well as the influence of ionic
strength, temperature, and DNA sequence on the mechanical stability of the double helix were investigated. As expected, the
DNA double helix is considerably destabilized under low salt buffer conditions (=10 mM NaCl), while high ionic strength
buffers (1 M NaCl) stabilize the double-helical conformation. The mechanical energy that can be deposited in the DNA double
helix before force induced melting occurs was found to decrease with increasing temperature. This energy correlates with the
base-pairing free enthalpy AG,,(T) of DNA. Experiments with pure poly(dG-dC) and poly(dA-dT) DNA sequences again
revealed a close correlation between the mechanical energies at which these sequences melt with base pairing free enthalpies
AGy,,(sequence): while the melting transition occurs between 65 and 200 pN in A-phage DNA, depending on the loading rate,
the melting transition is shifted to ~300 pN for poly(dG-dC) DNA, whereas poly(dA-dT) DNA melts at a force of 35 pN.

INTRODUCTION

With the development of new experimental tools allowingmolecules investigated the influence of electrostatic screen-
piconewton force resolution and Angstrem precision posiing on the persistence length (Smith et al., 1992) as well as
tioning of force sensors, mechanical experiments with sinthe hydrodynamic coupling between DNA and the sur-
gle molecules have become possible (Binnig et al., 1986ounding fluid (Perkins et al., 1995, 1997). As higher forces
Florin et al., 1994; Kasas et al., 1997; Lee et al., 1994could be applied to the molecule, a highly cooperative
Merkel et al., 1999; Moy et al., 1994; Radmacher et al.,conformational transition was discovered, where the natural
1994; Rief et al., 1997a; Smith et al., 1992). Such experiB-DNA is converted into a new overstretched conformation
ments have not only given new insights into intra- andcalled S-DNA (Bensimon et al., 1995; Cluzel et al., 1996;
intermolecular forces; they have also shown variations ingmjth et al., 1996). New theoretical models, as well as
physical parameters of individual molecules with respect tqnlecular dynamics simulations, have shed light on the
the mean values derived from ensemble measurements (Pfplecular details of this overstretching transition (Ahsan et
kins et al., 1997; Smith et al., 1992). Furthermore, byg 1998; Konrad and Bolonick, 1996; Kosikov et al., 1999;
investigating single polymers far from their maximum-en-| o0 and Lavery, 1996; MacKerell and Lee, 1999;
tropy conformation, these experiments have inspired nev,,, 1997, 1998), and the role of twist stored within the

c;)ncgptls in dpollym(far tr?.hy?.iclfj' thich go far tbeyort]rc]i Ith_edouble helix has been investigated both experimentally and
classical models of this TIeld and incorporate en aplctheoretically (Allemand et al., 1998; Marko, 1997, 1998;
deformation and conformational transitions of polymers

(Ahsan et al, 1998; Heymann and Grudhey 1009, et & Bor T TEE) oI ORen (RERO e
Marko, 1997, 1998; Marszalek et al., 1998; Rief et al.

1997b, 1998). onstrated a correlation between the unzipping forces and the

Early on, the mechanical properties of DNA attracted the?Verage GC and AT content of the unzipped segment of the
olecule (Bockelmann et al., 1997; Essevaz-Roulet et al.,

interest of both physicists and biologists, because of theil"!

importance to numerous biological processes, such as DNA97). and the unzipping of pure CG and AT sequences
transcription, gene expression and regulation, and DNA:ilrectly revealed the sequence-specific base pairing forces

replication. Early stretching experiments with single DNA IN DNA (Rief et al., 1999). Finally, DNA transcription by
RNA polymerase (Wang et al., 1998; Yin et al., 1995) and

binding of RecA to DNA (Hegner et al., 1999/ ger et al.,
Received for publication 7 September 1999 and in final form 18 Novembe, 998) could be directly investigated under native conditions
1239' b Lehrsutn with single-molecule force experiments.
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ble helix, as well as its reannealing kinetics, are directly
investigated. { A
800 1

MATERIALS AND METHODS 600 |

A-BstE Il digest DNA (length distribution 117-8454 bp) was purchased

from Sigma (Deisenhofen, Germany). Duplex poly(dG-dC) (average
length 1257 bp) and poly(dA-dT) (average length 5090 bp) were purchased
from Pharmacia (Freiburg, Germany). For the preparation of dsDNA /
samples, the DNA was used as received and diluted with Tris (Sigma) 200 - .
buffer containing 150 mM NaCl, 10 mM Tris (pH 8), 1 mM EDTA 7
(Sigma) to a final concentration of 1Q@g/ml. The DNA was allowed to

adsorb to a freshly evaporated gold surface from a L0@op of the 100 Je’ o mﬁfg‘g}{gﬁ sSDNA
ng/ml DNA solution (24-h incubation, ambient temperature), or alterna- ; T T
tively, a 100wl drop of a 100ug/ml DNA solution was allowed to dry on 0 1 2
the gold surface. Prior to the experiments the samples were rinsed with Relative Extension
buffer solution containing no DNA, to remove excess DNA from the

sample surface. Single-stranded DNA was obtained by dialyzing double-

stranded\-BstE Il digest DNA against Millipore water (Millipore Systems, ‘

400 7 /

Force [pN]

Molsheim, France). The sample was prepared as described for dsDNA,
with all preparation steps carried out in Millipore water instead of Tris 100 |
buffer. ‘
The samples were mounted in a custom-built AFM (Oesterhelt et al., 80
1999) with a piezo translator withzrange of 6.7um. The piezo extension ‘
was controlled with a built-in strain gauge. Individual DNA molecules
were picked up from the sample with untreatedNgi AFM tips (Mic-
rolevers; Park Scientific Instruments, Sunnyvale, CA) by the application of
a contact force of several nanonewtons (nN) for a few seconds, before the
piezo was retracted and a DNA molecule was stretched between the gold ; dsDNA

surface and the AFM tip. The resulting force profile was measured via the : e

Force [pN]

deflection of the AFM cantilever spring, using optical lever detection 20 -

(Amer and Meyer, 1988). Before the first approach of the AFM tip to the

surface, the spring constant of each lever was calibrated by measuring the 0 -

amplitude of its thermal oscillations (Butt and Jaschke, 1995; Florin et al., R — —_—
1995). The sensitivity of the optical lever detection was then measured by 0 1 2 3

indenting a hard surface with the AFM tip (i.e., by choosing a spot on the
substrate where no DNA had been incubated). The spring constants varied
between 7 and 15 mN/m, and the resonance frequencies of the cantilevers
in buffer varied accordingly between 700 Hz and 1.1 kHz. The samplingFIGURE 1 @) Stretching and relaxation curvegrg@y curve$ of a 1.5-

rate of the AFM was 60 kHz, and the input signal was filtered at 10 kHz, »m-long segment of double-strandaeBstE Il digest DNA in 150 mM

using an 8-pole low-pass Bessel filter with a cutoff of 48 dB per octaveNaCl, 10 mM Tris (pH 8), 1 mM EDTA at an ambient temperature of 20°C.
(Frequency Devices, Haverhill, MA). Each force curve consists of 4096After the highly cooperative B-S transition at 65 pN, a second conforma-
steps. Up to 200 data points were recorded per step, depending on thinal transition can be observed at around 150 pN, during which the DNA
chosen velocity. For the graphic presentation a box smoothing windowdouble helix melts and only one of the two strands remains attached
(width =21 steps) was applied to the data. All experiments were conductedetween AFM tip and substrate. Superimposed is a force-versus-distance

in Tris-EDTA buffer (see above) at 20°C, unless otherwise specified. ~ curve of a 300-nm segment of ssDNAlgck curvg recorded under the
same buffer conditions. Because of the different contour lengths of the two

molecules, the force curves were scaled to the same relative extension,
before superpositionB] Low-force regime of the relaxation curve of the
RESULTS AND DISCUSSION A digest SZgnI:ent shol\al?m M(gray curvge and a fit using an extensible FJC
When a singlex-digest DNA molecule is stretched beyond model. The fit parameters are the same as those determined for s§DNA,
. . . . ... __namely a Kuhn length of 15 A and a stretch modulus of 800 pN (Smith et
the previously described, highly cooperative B-S transition, 1996).
at 65 pN (cf. Fig. 1A, upper gray curvg a new conforma-
tional transition occurs at-150 pN (Rief et al., 1999). At
the end of this second transition the force increases draststrongly resembles the force versus extension curve of sin-
cally upon further extension of the molecule. Upon subsegle-stranded DNA (ssDNA), which is free of hysteresis and
quent relaxation of the molecule the force drops continufollows a simple polymer elastic model without conforma-
ously, following a smooth curve, exhibiting none of the tional transitions (Smith et al., 1996). To illustrate this
conformational transitions of the extension curve (Fid\,1 resemblance to ssDNA, we superimposed a deformation
lower gray curvg. This marked hysteresis indicates that atrace of ssDNA (Fig. 1A, black curvg on top of the
massive topological change occurs during this second trarrelaxation curve obtained from the double-stranded mole-
sition. Moreover, the relaxation curve of the moleculecule (ower gray curvg; the agreement between the two

Extension [um]
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curves is almost perfect, and they are virtually indistinguish- More generally, mechanical overstretching and subse-
able. This agreement leads us to the interpretation that thguent force-induced melting of the DNA double helix can
high force transition is a force-induced melting transitionalso lead to different results, depending on the details of the
during which the double helix is split into single strands andattachment of the molecule to the AFM tip and the gold
only one of the two strands remains attached between thsubstrate. If the molecule is attached to the substrate by only
AFM tip and the substrate. In fact, fitting a freely jointed one of its two strands and is picked up by the AFM tip at the
chain (FJC) model with an additional segment elastic modeomplementary strand (i.e., the molecule is attached to the
ulus (Smith et al., 1992) substrate and to the AFM tip with both of it &nds or both
of its 5 ends), the connection will be lost upon force-
Fb ksT F . : . : .
Ex(F) = Lss{cot kBT) - (Fbﬂ( + S)’ (1)  induced melting of the double helix. Thls_ can be observed in
a number of cases. In other cases, as in the trace shown in
to the low-force regime of the relaxation curve obtained™d. 1 A, permanent conversion to single-stranded DNA
from the double-stranded molecule (cf. FigB) yields a  OCcurs upon overstretching. Here it is possible that single-
Kuhn lengthb of 15 A and a linear segment elasticBof strand breaks (nicks) in the DNA strand that melts off, as
800 pN These parameters are the same as those found W” as detachment of this strand from the AFM tlp and the
Smith et al. (1996) to model the elastic response of Sing]eQOld SUbStrate, facilitate Complete detachment of the strand
stranded DNA. This good agreement with previous studiegnd render recombination of the double helix upon relax-
further corroborates our interpretation that indeed one of th@tion of the molecule impossible. In some cases only a part
two strands does melt off during the high-force conforma-of the molecule recombines to its double-helical conforma-
tional transition. Nevertheless, it is important to note that ation, indicating that only a part of the strand that melts off
forces beyond 100 pN, the linear model used above fails téemains connected to the substrate or to the AFM tip. In
describe the elastic response of single-stranded DNA. Her@ost relaxation traces, however, reannealing into a com-
nonlinear enthalpic contributions, such as extreme bondlete double helix can be observed. In such a case (cf. Fig.
angle deformations or bond length variations, seem to be2) repeated splitting and reannealing can be performed up to
come important, and thus quantum chemical and moleculsgeveral hundred times with the same molecule. Here the
dynamic simulations should be able to provide insight intowhole strand that melts off must remain attached to one of
the molecular details at these forces. Furthermore, it shoulthe two opposing surfaces, or in the presence of a nick it
be noted that the covalent bonds in the backbone of singlenust remain attached to both surfaces. Finally, if the mol-
stranded DNA sustain forces of at least 0.8 nN, consistengcule is attached by both strands to both surfaces (tip and
with recent experiments by Grandbois et al. in which thesubstrate) and no single-strand break is present in the mol-
mechanical stability of individual covalent bonds was mea-ecule, no conversion to sSSDNA should be possible, and the
sured (Grandbois et al., 1999). hysteresis between extension and relaxation trace should be

600 —

FIGURE 2 Stretchingi{lack curvg and relaxation
curve gray curve of a segment oi-BstE Il digest
DNA in 150 mM NaCl, 10 mM Tris (pH 8), 1 mM ¢
EDTA at an ambient temperature of 20°C. Only after
the molecule has been relaxed tel.2 times its
contour length (searrow) does reannealing into the
double-helical conformation occur. Before this over-
stretching and relaxation cycle, the molecule had
been forced trough more than 70 such cycles.
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o
o
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small. Fig. 3 shows an extension-relaxation cycle obtainedient of pulling velocities, whereas the melting transition
again on A-digest DNA, where the first conformational exhibits a pronounced speed dependence. For a pulling
transition is shifted to 105 pN and exhibits significantly lessvelocity of 3 um/s the melting transition starts 200 pN
cooperativity than in the trace shown in FigAlthe plateau and ends at-300 pN, while at pulling velocities of 150
starts at~96 pN and ends at 110 pN. At higher forces anm/s the molecule seems to transform almost continuously
second transition can again be observed, but now the mote the single-stranded conformation at the end of the B-S
ecule shows almost no hysteresis upon relaxation. Thplateau, without the distinct melting transition found in the
changes in the low-force conformational transition of thisfaster experiments. This shows that the B-S transition is an
force curve, when compared to Fig. A, are in good equilibrium process on the time scale of our experiments,
agreement with what was predicted by Marko (1998) for awhereas the melting transition occurs in nonequilibrium. In
double-stranded DNA molecule with no rotational degree ofother words, the rearrangement of the helix in the B-S
freedom around the molecule’s axis. This has recently beetransition occurs much faster than reannealing of the split
confirmed experimentally by lger et al. (1999), and ex- strands. In view of the complex topology of the molecular
periments with circular closed plasmid DNA in our own rearrangements during the melting transition, this finding is
laboratory (manuscript in preparation) further corroboratequite intuitive. In contrast to the B-S transition, where only
this interpretation of the 105-pN plateau in Fig. 3. Since theinternal rearrangements of the double helix, such as restack-
rotation of the molecule around its axis is only constrainedng of the bases and a partial unwinding of the helix, are
when the molecule is attached by both strands to botliaking place (Kosikov et al., 1999; Lebrun and Lavery,
surfaces and when both strands are intact, we conclude tha®96), the two strands have to separate upon melting. The
this is indeed the case for force curves, such as the onmolten strand presumably rotates around the stretched
shown in Fig. 3, with the first conformational transition at strand and is then likely to assume a random coil confor-
~105 pN. In our experiments, however, we observe such aation with possible intrastrand hairpins (Rief et al., 1999).
behavior for less than 5% of all molecules probed, which welpon relaxation this sequence has in one way or another to
attribute to the number of nicks in the DNA samples as welloccur in reverse order. This typically gives rise to a large
as the attachment of the molecules (see Materials and Metlysteresis and often even requires nearly complete relax-
ods for details). ation of the molecule before reannealing of the double helix
An interesting thermodynamic difference between theis observed (cf. also Fig. 2).
B-S transition and the melting transition is displayed in Fig. This fact, that at high pulling velocities we observe a
4, where four extension traces, which were recorded withmelting transition at forces significantly higher than 65 pN,
the same molecule at different pulling velocities, are superwhile at slow pulling velocities the melting seems to occur
imposed on top of each other. Within the experimentallydirectly at the end of the B-S transition, therefore might
accessible limits, the force of the B-S transition is indepenimply the existence of an energy barrier for the melting of

500

400 —

300
FIGURE 3 Stretchinglflack curvg and relaxation

curve @ray curvg of a segment o-BstE Il digest
DNA without nicks and with both strands firmly
attached to the AFM tip and the substrate surface. 200
Buffer conditions: 150 mM NacCl, 10 mM Tris (pH

8), 1 mM EDTA, 20°C. Here the plateau of the first B
conformational transition occurs at 105 pii¢ldle of
the plateai.

Force [pN]
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300 1

400 Z 250
E 200 1 /
300 1 g, 150 t /
FIGURE 4 Superposition of four extension traces __ 100 3 pm/s y
of the same piece of-BstE Il digest DNA at different £ 50 55 60 65 70 75 T
pulling velocities: 3, 1.5, 0.7, and 0.16m/s. The g 200 ] inforoe-oading rete) (/A
. : " o 9 o 1.5 um/s —ps’
force at which the melting transition occurs depends 5
e o

on the pulling velocity, ranging from 68 pN at 0.15
um/s to ~300 pN at 3um/s. Inset Melting force 100 -
versus logarithm of the force loading rate.

0.7 um/s

aN

0.15 um/s

Extension [um]

the DNA double helix. Two simple explanations for the be a measure of how many base pairs were able to melt or
origin of such an energy barrier are hydrodynamic frictionreanneal during such a cycle as a function of the waiting
or a static activation barrier to strand separation, as is fountdme. Fig. 5A shows three extension-relaxation cycles that
for the separation of receptor-ligand pairs (Evans andvere obtained for the same dsDNA molecule. In the first
Ritchie, 1997; Merkel et al., 1999) or short oligonucleotidescycle the molecule is stretched and relaxed in 112 ms (time
(Strunz et al., 1999). For a simple kinetic barrier due tofor the full cycle) without any waiting time. As can be seen
hydrodynamic friction one should expect a linear depen{from the lack of hysteresis in the B-S plateau region, during
dence of the melting force on the pulling velocity. However, this fast cycle the entire DNA double helix remains intact.
estimates of the hydrodynamic friction occurring in DNA If a waiting time of 100 ms is introduced at the fully
strand separation (Bockelmann et al., 1997) show that hyextended position, because of partial melting of the DNA
drodynamics alone cannot account for forces of 100 pN andliouble helix, the B-S plateau shortens 5y25% in the
more, even at high pulling velocities. This is further cor- relaxation curve. Thus, during the 100 m25% of the
roborated by the fact that even at pulling velocities of 3molecule corresponding te2 kb has been able to separate,
pwm/s the macroscopic AFM cantilever (a 3p@3-long  which corresponds to a force-induced melting rate~@0
triangle with 10pm-wide arms) is deflected only by the kb/s. In the third cycle the waiting time is increased to 500
equivalent of~20 pN. For a static activation barrier, on the ms, and now the entire double helix has been able to melt,
other hand, a logarithmic dependence of the melting forceesulting in a relaxation trace that exhibits no B-S plateau
on the force loading rate might be expected (Evans antbut follows a curve typical for ssDNA. This corresponds to
Ritchie, 1997; Haggi et al., 1990; Merkel et al., 1999). a melting rate of more than 15 kb/s for the entire DNA
However, plotting the melting forces versus the logarithmsegment probed. One should point out that the melting rates
of the force loading rates (cf. Fig. #ise) reveals that this vary considerably between experiments conducted on dif-
again does not explain the data adequately. Apparently, thierent DNA segments, most likely because of variations in
force-induced melting of the DNA double helix is a more DNA sequence and topology, but also because of slight
complex process, which cannot be explained by such simvariations in the experimental conditions. Nevertheless, in
plistic models and which may involve multiple steps, suchthese stretching experiments melting rates are consistently
as nucleation, sequential opening of the DNA base pairdarger than 1 kb/s. A similar kind of experiment can be
rotation, and random coil formation. performed to investigate the kinetics of the reannealing
Correlating the velocity dependence of the melting forceprocess. Here a molecule is stretched through the melting
to the length of the stretched molecule can provide insightransition and kept at the fully extended position for several
into the kinetics of the force-induced melting process ofseconds to ensure complete melting of the double helix. The
DNA. There is, however, a more direct way to gain infor- molecule is then relaxed and immediately stretched again in
mation on the kinetics of the melting as well as the rean-a 112-ms cycle (cf. Fig. B, first cyclé. In this case~35%
nealing process of the DNA double helix. If the molecule isof the molecule has been able to reanneal to the double-
forced through fast deformation and relaxation cycles, and ihelical conformation. If a waiting time of 100 ms is intro-
different waiting times are introduced at one end of such aluced close to the fully relaxed conformation of the mole-
cycle, the length of the B-S plateau, which is characteristicule (Fig. 5B, second cyclg 60% of the molecule has been
for the double-helical conformation of the molecule, shouldable to recombine. Thus, because of the extra 100 ms an
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additional 25% of the molecule, corresponding-ta.6 kb,
has been able to recombine. This corresponds to a reanneal-
\(/)v:;t?ng ime ing rate of the DNA double helix of 1.6 kb/s. If the waiting
i time is increasedot1 s (Fig. 5B, third cycle), 100% of the
molecule recombines and adopts the double-helical confor-
mation, which leads to a lower estimate of the reannealing
100 ms rate of 6.5 kb/s (1 s is more time than is needed for
waiting time reannealing of the entire DNA segment). In our reannealing
experiments, the determined rates are again subject to some
variation between different experiments and different seg-
ments of DNA, but the variation is somewhat smaller, as the
reannealing process seems to be less dependent on small
variations in the experimental conditions, such as pulling
velocities and the exact position of the minimum and max-
imum extension of the piezo relative to the molecule’s
conformational transitions. Typical reannealing rates vary
between 10 and 20 kb/s. This value for the reannealing rate
of the DNA double helix is above the values determined in
ensemble measurements, which give a lower limit of 1 kb/s
for the DNA hybridization kinetics (James, 1984). Never-
theless, 1 kb/s is considered to be the lower limit for the
DNA hybridization kinetics (Blackburn and Gait, 1996),
and an important difference between the single-molecule
force experiments and ensemble measurements is the fact
that in the force experiments the DNA hybridization is
clearly a reaction rate-limited process, which allows for
direct measurement of the hybridization rate, whereas in
3-D ensemble experiments diffusion may also contribute,
and its effect on the measured rates has to be carefully
considered.

Another parameter with a strong influence on the me-
chanical stability of DNA is the ionic strength of the buffer
solution. Fig. 6 shows typical force-versus-distance curves
of A-BstE Il digest DNA under high and low ionic strength
100 ms waiting time buffer conditions at an ambient temperature of 20°C. In
high salt buffer (1 M NaCl, 10 mM Tris (pH 8), 1 mM
EDTA) (Fig. 6 A) the hysteresis in both B-S and melting
transition is significantly less pronounced, and irreversible
melting of the double helix can rarely be observed. In
low-salt buffers (10 mM NaCl, 10 mM Tris, 1 mM EDTA),
FIGURE 5 @) Three fast stretching and relaxation cycles obtained fromon the other hand (Fig. &), the hysteresis is very pro-
the same piece of-BstE Il digest DNA in 150 mM NaCl, 10mM Tris (pH  nounced, and during relaxation the DNA remains in the
_8), 1 mM EDTA at 20°C_. Ir_1 the first cycle the molecule is stretched a‘r?d single-stranded conformation until the molecule is com-
|mmed|ately rela}xt_ed again in a 112-ms cycle. In the se(_:(_)nd cycle awaltlngbletely relaxed. before the double helix can recombine.
time of 100 ms is introduced at the fully extended position, ar&5% of ! T . A
the molecules are converted to the single-stranded conformation, as can ba!lthermore, under low-salt buffer conditions irreversible
seen from the hysteresis in the B-S plateau. If the waiting time at the fullyconversion to ssDNA is frequently observed. If NaCl is
extended position is increased to 500 ms (third cycle), the entire piece ofompletely removed from the buffer (10 mM Tris, 1 mM
DNA is converted to sSDNA, as can be seen from the lack of a B-S platealEDTA), typically parts or even all of the molecule seems to

in the relaxation curve.B) Three fast deformation cycles afBstE Il ave denatured even before overstretching of the molecule
digest DNA (same buffer as above). Now the molecule is first stretched tc!1 9 !

the fully extended position (data not shown), where it is allowed to rest forand thus only a short overstretching plateau can be ob-
several seconds to ensure complete melting of the double helix. Then the

molecule is relaxed and immediately stretched again in a 112-ms cycle

(first cycle). During this fast cycle~-30% of the molecules are able to
recombine to the double-helical conformation, as can be seen from thgine, and if the resting time is increased to 1 s, the full B-S plateau
partial appearance of a B-S plateau in the extension curve. If a resting timeeappears, indicating that 100% of the DNA is able to recombine to the
of 100 ms is introduced in the relaxed positier60% are able to recom-  double-helical conformation.

500 ms
waiting time

0 ms waiting time

1s waiting time
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As already pointed out above, if the pulling velocity is
100 pN I Tum slow enough to allow all necessary conformational rear-
rangements to take place in a quasistatic manner as the
molecule is extended, the DNA double helix seems to melt
immediately after the B-S transition. If one compares the
A mechanical energy deposited in a dsDNA molecule at the
J" end of the B-S plateau with thermodynamic data (Breslauer

etal., 1986; Duguid et al., 1996), the surprising result is that
W at a relative extension of 1.7 (at the end of the B-S plateau),
Pty the mechanical energy deposited in the dsDNA molecule

already exceeds the base-paring free enthaly(20°C)

of DNA. Even if the mechanical energy stored in the single
c strand that remains attached between the AFM tip and the
substrate is subtracted from the mechanical energy depos-
ited in the double-stranded molecule, the excess mechanical
energy deposited in the double-helical molecule is still
FIGURE 6 Three force versus distance cycles of three piecasaste ~ cOmparable to the base-pairing free enthal®y,(20°C) of
Il digest DNA in (&) 1 M NaCl, 10 mM Tris (pH 8), 1 mM EDTA;B) 10  DNA. This is illustrated in Fig. 7, where a DNA stretching
mM NaCl, 10 mM Tris (pH 8), 1 mM EDTA; and®) 10 mM Tris (pH 8),  curve (;4{2)) and the relaxation curvé.(2)) of the remain-
1 mM EDTA. In 1 M NaCl the B-S transition occurs at 65 pN, and the ing single stranddray curvesforce axis on theight side)

molecule exhibits only a small hysteresis between the extension and . .
relaxation traces. In 10 mM NacCl the B-S plateau starts around 50 pN an&)f a 2.3um piece of dsDNA are shown and the mtegral

rises to 65 pN at the end of the B-S plateau. The molecule exhibits d (fad2) — fs{2))-dz (black curve energy axis on thieft sidg _
marked hysteresis, and irreversible conversion to ssDNA is frequentithat corresponds to the area between the two curves is

observed. In pure Tris EDTA buffer, without NaCl, usually large parts of compared directly to the thermodynamic data: The dashed
the molecules denature as soon as they are stretched, and very short or fiqe in Fig. 7 represents the base-pairing free enthalpy
B-S plateaus can be observed. AG,4(20°C) of a 2.3um random DNA segment accordin
bp (a g g

to Breslauer et al. (1986). Here the average value of all 10
served, corresponding to small and presumably GC-rictpossible base-pairing enthalpies and entropies given by
parts of the molecule that are still in a double-helical con-Breslauer et al. was used to calculai&,,(20°C) of a
formation (cf. Fig. 6C). This result is consistent with the random DNA sequence, making use of the equation
fact that the electrostatic repulsion between the negatively
charged phosphate groups along the backbone of each of the AG(T) =AH —T-AS (@)
two strands is effectively screened at a salt concentration of

1 M, where the Debye screening length is smaller than th%nthalpyAG (20°C) of the same 2.3m DNA segment
_ - g . bp .

B-DNA diameter of 2 nm (Isrgelachvm, 1992; Voet and according to Duguid et al. (1996). Unlike Breslauer et al.,

Voet, 1.995)' Another Interesting difference b_etwgen thewho determined\H,, andAS,, of all 10 possible Watson-

force-distance curves obtained in low- and in high-salty ;o ) qe pairs, using short synthetic oligonucleotides,

buffers 'S the fact thati 1 M NaCl th? B-S pl_ateau Is highly Duguid et al. used 160-bp fragments of calf thymus DNA to

cooperative and occurs at 65 pN, just as n 150 mM NaCIdetermineApr andAS,, of a random DNA sequence. To

vaglcl)e ',3 ;r? dng'gﬂesNtec‘)CéE: h?\l Ba_tst’hzlztr?:léf?hp;cgg tsr ;anrés.tg:] compare the thermodynamic data to the force experiment,
P ' P HoN e calorimetry data were extrapolated to the salt concen-

For the 10 mM Tris bgffer V.V'thOUt NaCl, th(_a B-S plateau tration used in the force experiment (100 mM NaCl), using
starts at 40 pN and quickly rises 1665 pN. This low onset fhe equation

of the B-S plateau under low-salt conditions agrees wel
with data by Baumann et al., who investigated the first 30% = .

of the B-Syplateau il-DNA as a functiogn of NaCl con- TnlC) = To(1M) + 16.6:10g C, )
centration (Baumann et al., 1997). Furthermore, in our datayhere T, is the melting temperature ard is the NacCl

the melting transition is somewhat less pronounced in 1@oncentration (Schildkraut and Lifson, 1965).

mM NaCl, when compared to data obtained in 1 M NaCl Itis well known that the stability of DNA decreases with
buffer. This seems to suggest that in 10 mM NaCl buffer,increasing temperature, and that most natural DNA se-
the melting of AT-rich regions of DNA occurs already at quences are completely denatured at temperatures around
forces below 65 pN, while the GC-rich regions still contrib- 90°C, in physiological buffer conditions. If the temperature
ute to the distinct force-induced melting transition at higheris raised to 40°C and more in a force experiment, typically
forces. In the NaCl-free buffer no distinct melting transition a distinct melting transition can no longer be observed, even
can be observed (cf. Fig. 6). for comparably fast stretching velocities, and the force of

he dotted line in Fig. 7 represents the base-pairing free
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the B-S transition is reduced to values below 65 pN (cf. Fig.counts for the remaining single strand, corresponds to a
8 A). If one compares the force values obtained for the B-SAH,,, of 10.26 kcal/(mobp) and aAS,, of 28.70 cal/
plateau as a function of temperature with the thermody{molbp). These values fakHy,, are only slightly above the
namic data (Breslauer et al., 1986), using Eq. 2, the mevalues determined for random DNA sequences in calorim-
chanical energy deposited in the double helix at the end oétry experiments (Breslauer et al., 1986; Duguid et al.,
the B-S plateau is in accordance with the base-pairing fre@996), and they agree rather well with the values for GC
enthalpyAG,(T). Fig. 8 B shows the experimental values base pairs (Breslauer et al., 1986). On the other hand, the
of the B-S plateau force as a function of temperature and &érce experiments seem to overestimate the base pairing
linear fit to the data pointsnfarkersandblack linein Fig.  entropy, because the values g, are even larger than the
8B), compared to the base-pairing free enthali@,(T). In  ones determined for GC base pairs by Breslauer et al.

this graph, all energies are divided by 2.38 A, which is the Together with the good agreement between thermody-
length gained per base pair of dsDNA during the B-Snamic data and the B-S plateau height, the fact that we do
transition. This allows direct comparison of the measurechot observe a distinct melting transition at high tempera-
plateau height to the base-pairing free enthalpy of DNAtures suggests that at high temperatures a force-induced
The dashed line in Fig. B representd G, (T) according to  melting of the DNA double helix already occurs in the B-S
Breslauer et al. (1986). (The thermodynamic data havéransition, whereas at room temperature the DNA starts to
again been extrapolated to the salt concentration used in theelt after the B-S transition: The high cooperativity of the
force experiments (150 mM NacCl), using Eqg. 3.) Compar-B-S transition has been explained as an all-or-none process,
ing mechanical energies to the base-pairing free enthalpieshere domains of fully overstretched S-DNA grow with
derived from thermal denaturation experiments, one has tturther extension of the molecule, rather than a process
bear in mind that in a typical force experiment one strand ofwhere all base pairs in the molecule gradually change their
ssDNA remains attached between the AFM tip and theextension until they are fully overstretched to 5.78 A/bp
substrate surface. If the mechanical energy stored in ssDNMhsan et al., 1998; Smith et al., 1996). Consequently, if the
at an extension of 5.78 A/bp (this corresponds to the end ofiouble-helical conformation is significantly destabilized by
the B-S plateau in dsDNA) is subtracted from the B-San increased temperature, the double helix has to melt in
plateau forces, the resuljray linein Fig. 8 B) agrees well these fully overstretched domains as soon as the molecule is
with the thermodynamic data: the mechanical energy at thextended into the B-S transition, even if the entire molecule
end of the B-S plateau is only slightly less than the baseis still in a state of relatively small overstretching. With
pairing free enthalpyAG,(T), and the deviation is still increasing extension more DNA will then gradually be
within the experimental errors of the force experiments. Ifconverted to the single-stranded conformation, while at
we use the force experiments to determine the thermodyoom temperature the melting process starts at the very end
namic parameters of DNA, and making again use ofof the B-S plateau, except for AT-rich DNA segments (cf.
AG(T) = AH — T-AS the ordinate and slope of the black next paragraph).

line in Fig. 8B yield a AH,,, of 10.27 kcal/(mobp) and a As has been pointed out in the last paragraph, not only
AS,, of 27.04 cal/(mobp). The gray line, which also ac- kinetics, salt concentration and temperature, but also the
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FIGURE 9 Force versus extension traces of poly(dG+yaiiy(dG-dC)
Temperature [°C] (A) and poly(dA-dTypoly(dA-dT) DNA (B) in 150 mM NacCl, 10 mM Tris
(pH 8), 1 mM EDTA at 20°C. For the poly(dG-dC) double helix the B-S
FIGURE 8 ) Force versus extension trace of d8stE Il digest DNA transition occurs again at 65 pN, while the melting transition is shifted to
in 150 mM NaCl, 10 mM Tris (pH 8), 1 mM EDTA at 50°C. The B-S forces around 300 pN. For poly(dA-dT) DNA the B-S plateau occurs at 35
plateau occurs at 41 pN, and a distinct melting transition at higher forceN, and no distinct melting transition can be observed.
cannot be observedB) B-S-plateau forcesnfarkerg versus temperature
and a linear fit to the datéblack ling. The gray line represents the fit to
the B-S plateau forces minus the mechapical energy deposited in one F’arP%ly(dG-dC) (Fig. 94) the B-S transition occurs again at 65
of ssDNA at an extension of 5.78 A, which corresponds to the extensio . . . . " . .
per base pair of dsDNA at the end of the B-S plateau. The dashed IinQN’ Just ‘?‘S in\-DNA, while t_he melting transition IS_ Sh'_fted
represents the base pairing free enthalfS,(T) per base pair of a random toward higher forces, starting at250 pN and leading into
DNA sequence according to Breslauer et al. (1986). All energies ardhe single-stranded conformation at 350 pN. For poly(dA-
divided by 2.38 A to compare them directly to the B-S plateau forces,dT) DNA (Fig. 9B), however, the force of the first confor-
because dsDNA elongates by2.38 A/bp during the B-S transition. mational transition is reduced to 35 pN, and, much as at
high temperatures, the double helix seems to melt already
during this transition, so that an additional melting transi-
specific sequence of the stretched DNA molecule shouldion can no longer be observed. This result can again be
influence its mechanical properties and, in particular, itsunderstood, taking into account that the mechanical energy
mechanical stability. To investigate the sequence deperdeposited in the double helix during the 35-pN conforma-
dence of the mechanical properties and of the mechanicaional transition is comparable to the base-pairing free en-
stability of DNA, we stretched synthetic constructs of dou-thalpy of poly(dA-dT)poly(dA-dT) DNA (Breslauer et al.,
ble-stranded poly(dG-dC) as well as poly(dA-dT). Fig. 91986). This interpretation is further corroborated by the
shows extension traces during which the molecules werénding that hairpins are formed in the self-complementary
stretched to the maximum attachment force, where the AFMpoly(dA-dT) sequence already after a molecule has been
cantilever snaps back to its resting position at zero forceextended only partially into the B-S transition (Rief et al.,
The different sequences exhibit pronounced differences i1999). On the other hand, the fact that for the more stable
their conformational transitions. For double-strandedpoly(dG-dCjpoly(dG-dC) molecules the B-S transition re-
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mains unchanged and only the melting transition is shiftedinnig, G., C. F. Quate, and C. Gerber. 1986. Atomic force microscope.
to higher forces is an indication that the value of 65 pN Phys- Rev. Let56:930.

corresponds indeed to the force where the B-S transitioff'ackbum. G. M., and M. J. Gait. 1996. Nucleic Acids in Chemistry and
Biology. Oxford University Press, Oxford.

occurs naturally. Thus, only if the_ base pairing free en,erg}ﬁockelmann, U., B. Essevaz-Roulet, and F. Heslot. 1997. Molecular stick-
AG,((T, sequence) of a molecule is already exceeded in the sjip motion revealed by opening DNA with piconewton forceys.
B-S transition, melting of the molecule occurs at a force Rev. Lett79:4489-4492.

below 65 pN. Breslauer, K. J., R. Frank, H. Bt&er, and L. A. Marky. 1986. Predicting
DNA duplex stability from the base sequené&oc. Natl. Acad. Sci.
USA.83:3746-3750.

Butt, H. J., and M. Jaschke. 1995. Thermal noise in atomic force micros-
CONCLUSION copy. Nanotechnology6:1-7.
We have shown that if individual DNA double strands are€luzel P., A. Lebrun, C. Heller, R. Lavery, J.-L. Viovy, D. Chatenay, and

. . . F. Caron. 1996. DNA: an extensible molecuBzience271:792-794.
mechanically overstretched, the double helix melts into, , .
. . Duguid, J. G., V. A. Bloomfield, J. M. Benevides, and G. J. Thomas, Jr.
single strands that, depending on the attachment of the two 1996. DNA melting investigated by differential scanning calorimetry

strands to the mechanical actuators and on the number ofand Raman spectroscofiophys. J.71:3350-3360.
single-strand breaks in the molecule, may recombine to th&ssevaz-Roulet, B., U. Bockelmann, and F. Heslot. 1997. Mechanical
double-helical conformation upon relaxation of the mole- fjes":’gz,c’l"lggts'lel‘ig’:g'ememary strands of DIRfoc. Natl. Acad. Sci.
cule. The force at which this melting of the double helix o L . .

. . L vans, E., and K. Ritchie. 1997. Dynamic strength of molecular adhesion
occurs depends on the pulling velocity, the ionic strength, ponds.Biophys. J72:1541-1555.
and the temperature, as well as on the DNA sequence. Th&orin, E.-L., V. T. Moy, and H. E. Gaub. 1994. Adhesive forces between
kinetics of this force-induced melting and the reannealing individual ligand-receptor pairsScience264:415-417.
process have been investigated, and it has been shown tH@arin, E. L., M. Rief, H. Lehmann, M. Ludwig, C. Dornmair, V. T. Moy,
on our experimental time scale the covalently closed back- and H. E. Gaub. 1995. Sensing specific molecular interactions with the

. . atomic force microscopeBiosens. Bioelectrorl0:895-901.
bone of a single DNA strand withstands forces of atleast 0.8; ., qois, M., M. Beyer, M. Rief, H. Clausen-Schaumann, and H. E.

nN. Furthermore, by varying the temperature as well as the Gaub. 1999. How strong is a covalent borgitflence283:1727—1730.
DNA sequence, good agreement was found between theanggi, P., P. Talkner, and M. Borkovec. 1990. Reaction-rate theory: fifty
mechanical energies that can be deposited in the DNA years after Kramersev. Mod. Phys62:251-341.

molecule before force-induced melting of the double helixHegner, M., S. B. Smith, and C. Bustamante. 1999. Polymerization and
db . f thal det inedi mechanical properties of single RecA-DNA filamerRsoc. Natl. Acad.
occurs and base pairing-free enthalplé,, determined in Sci. USAin press).

thermal DNA denaturation experiments. Together with theeymann, B., and H. Grubitler. 1999. “Chair-boat’ transitions and side
work from other research groups, these results may open thegroups affect the stiffness of polysaccharideésem. Phys. Lett305:
door to new approaches in the investigation of the interac- 202-208.

tion of DNA with proteins or chemical agents that stabilize Israelachvili, J. N. 1992. Intermolecular and Surface Forces. Academic

. . . Press, New York.
or destabilize the double-helical conformation of DNA. . )
. R . i .. . James, T. L. 1984In Phosphorus-31 NMR. J. Gorenstein, editor. Aca-
Experiments investigating DNA protein interaction as Well  gemic press, San Diego. 349—400.

as the interaction of cytostatics with DNA are currently kasas S., N. H. Thomson, B. L. Smith, H. G. Hansma, X. Zhu, M.
being conducted in our laboratory. Guthold, C. Bustamante, E. T. Kool, M. Kashlev, and P. K. Hansma.
1997.Escherichia coliRNA polymerase activity observed using atomic
force microscopyBiochemistry.36:461—-468.
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